We have investigated the diameter dependence of the exciton luminescence linewidth in individual single-walled carbon nanotubes (SWNTs) by means of microphotoluminescence (μ-PL) spectroscopy. The lineshapes of μ-PL spectra for single SWNTs suspended on a patterned Si substrate at room temperature can be fitted by single Lorentzian functions. It is found that the μ-PL linewidth depends strongly on the diameter of SWNTs and the exciton-phonon interaction is enhanced with a decrease of the diameter.
Over the past decades, electronic and optical properties of single-walled carbon nanotubes (SWNTs) [1, 2] have attracted much attention both from the fundamental physics view point and due to the potential applications to opt-electronic devices. The recent discovery of efficient photoluminescence (PL) from isolated semiconducting SWNTs [3, 4] has stimulated considerable efforts in understanding optical properties of SWNTs. The semiconducting SWNTs are one-dimensional (1D) materials with directgap band structures [2] . Because of the extremely strong electron-hole interactions (excitonic effects) in 1D materials [5] , it has been predicted that their unique optical properties are determined by the dynamics of 1D excitons [6] [7] [8] [9] [10] . Recent experimental results [11, 12] support the excitonic picture of SWNTs. In addition, it has been reported that the electronic structure and the PL energy of SWNTs strongly depend on their diameter (chiral index) [2, 3] . However, the diameter dependence of the PL spectral shape of SWNTs is not clear.
The SWNTs samples are usually inhomogeneous systems in the sense that many different species of nanotubes exist: the inhomogeneous broadening and the spectral overlapping of PL spectra cause the complicated PL spectra of SWNTs. It is therefore needed to perform PL measurements on single SWNTs [13] [14] [15] [16] for clarifying the optical properties of each SWNT species. Single nanotube spectroscopy provides essential information on the intrinsic excitonic properties of SWNTs, such as exciton-phonon interaction. The exciton-phonon interaction plays an important role to understand the optical properties of SWNT [17, 18] .
In this paper, we have studied PL spectra from spatially isolated single SWNTs The samples used in this work were isolated SWNTs synthesized on patterned Si substrates by an alcohol catalytic chemical vapor deposition (ACCVD) method [19] . The Si substrates were patterned with parallel grooves typically from 300 nm to a few µm in width and 500 nm in depth using an electron-beam lithography technique. The isolated SWNTs grow from one side toward the opposite side of the groove or hang down toward the bottom of the groove. We prepared several SWNT samples by changing the growth temperature and time. In this work, the single nanotube PL spectroscopy was performed on the sample grown at 750 ºC for 30 sec. The average number density of isolated SWNTs in the sample is 0.1-1/μm 2 .
Single SWNT PL measurements were carried out at room temperature using a home-built scanning confocal microscope [16] . The SWNT samples mounted on a scanning stage were excited with a continuous-wave He-Ne laser (1.959 eV), and the laser beam was focused on the sample surface through a microscope objective (NA 0.8).
The PL signal from SWNTs was spectrally dispersed by a 30-cm spectrometer equipped with a liquid-nitrogen (LN 2 )-cooled InGaAs photodiode array (spectral range: 0.78-1.38 eV) or a LN 2 -cooled charge coupled device (spectral range: ≥1.20 eV). The spectral resolution of our system is less than 0.7 meV. The detector accumulation time was typically between 30 sec and 1 min. We also obtained PL images of the luminescent SWNTs on the sample, using a Si avalanche photodiode or an InGaAs photodiode. show that in the weak excitation region there is no broadening of the spectral linewidth due to many-body effects arising from exciton-exciton scattering [20] or due to temperature rise induced by the laser light. Thus the PL spectral linewidth data were measured with excitation powers less than 10 μW, in order to discuss the diameter dependence of the PL linewidth.
We obtained PL spectra from about 180 different isolated SWNTs with a variety of chiral indices. Figure 3 (a) shows a distribution of the PL peak energies for the single SWNTs (indicated by diamonds). The chiral index assignment for each PL spectrum is based on previous data of the emission energies in Refs. 21-23. In Fig. 3(b) , we show some of the PL spectra from isolated SWNTs with various emission energies. Only a single sharp peak can be seen in each spectrum. This is certain evidence that the PL comes from a single SWNT. In addition, the PL linewidth tends to become broader with an increase of the PL peak energy. spectra. In addition, it is found that the Stokes shift of SWNTs was very small (less than 5 meV) for each nanotube species by comparison between absorption and PL spectra of ensemble ACCVD SWNTs in gelatin matrices [24] , similar to the case of SDS (sodium dodecyl sulfate)-wrapped SWNTs synthesized by HiPco process [3] . These facts show that the observed PL peaks correspond to the zero-phonon lines of free excitons and the spectral linewidth of the PL spectra is determined by the homogeneous broadening.
In Fig. 4 , we summarize the PL linewidth as a function of the nanotube diameter from the PL spectra. Here we plot the smallest values as the intrinsic linewidth for nanotubes with the same chiral index, because the extrinsic factors (defects, impurities, and so on) cause the linewidth broadening [15] . The PL linewidth clearly becomes broader as the diameter decreases. This suggests that the exciton-phonon interaction is stronger in smaller diameter tube. Next we discuss the origin of the PL linewidth broadening in single SWNTs at room temerparture.
Under weak exciation conditions, the homogeneous broadening of the freeexciton PL spectra from SWNTs is attributed to the phase relaxation due to phonon scattering rather than the energy relaxaton. This is because the PL lifetime of excitons is reported to be considerably long (≥10 ps) [25] and this contribution to the linewidth is negligibly small (≤10 -2 meV). Here we have to take into account the excitonic picture even at room temperature, because the exciton binding energy in a SWNT (~ 200-400 meV) [11, 12] is much larger than the thermal energy of room temperature. Thus the homogeneous broadening originates from the dephasing time of excitons in the lowest excited state. In Fig. 4 it is found that the PL spectral linewidth varies as the tube diameter changes. This suggests that the exciton-phonon interaction is stronger and the dephasing time of excitons is shorter in smaller diameter tube (i.e., higher curvature tube).
Jiang et al. [26] calculated the electron-phonon matrix element for each phonon mode and photoexcited electron. They showed some phonon modes in SWNTs are enhanced compared with graphite, especially the RBM (radial breathing mode), TW (twisting mode), and oTO (out-of-plane transverse optical mode) modes. This is because of the curvature of the cylindrical SWNT surface (curvature effect). In the case of graphite, the carbon 2p z orbitals are parallel to each other (z is the out-of-plane direction) and contribute to small or no coupling with phonons. In SWNTs, on the other hand, the 2p z orbitals incline to the bond direction due to the surface curvature, and then the larger inclination and overlapping of the 2p z orbitals induce the stronger electron-phonon coupling. This curvature effect will be stronger in smaller diameter tube, and is consistent with our experimental results. The temperature dependence of the spectral linewidth showed almost linear behavior in the range 4-300 K [24, 27] . This linear temperarture dependence implies that the very low energy phonon modes (<<k B T) dominantly contribute to the linewidth broadening. Among the enhanced phonon modes mentioned above, the TW mode is the only low energy mode. It is thus believed that the TW mode has the dominant contribution to the diameter dependence of the exciton dephasing mechanism. Further theoretical studies are needed for the quantitative understanding of exciton-phonon interaction in 1D systems.
In conclusion, we have performed μ-PL spectroscopy on about 180 single isolated 
